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lon milling with a focused ion beartFIB) is a potential method for making micromolds, which will

then be the primary elements in the mass production of micro- or mini-objects by embossing or
injection molding. The challenge lies in controlling the ion milling to produce cavities with
predefined, arbitrary geometric cross-sections. This work involves programming variations as a
function of position into the algorithm that generates the dwell times in the pixel address scheme of

a FIB. These variations are done according to whether an axis of symmetry or a plane of symmetry
determines the final geometry, and the result is 26 new cross-sectional shapes, such as hemispherical
pits, parabolic pits, hemispherical domes, etc. The ion milling control programs were used to
generate parabolic cross-section trenches, sinusoidal trenches, sinusoidal cross-section rings on an
annulus, and hemispherical domes. We observed reasonable agreement between the shapes ion
milled in Si(100 and the expected geometry. The dwell times are generated assuming each pixel has
a unique dose and the ion yield is constant with angle of incidence. Deviations from ideality are
ascribed to the variation in sputter yield with changing angle of incidence, and to the dwell time
control algorithm. Redeposition also compounds the deviation from ideality, but it is difficult to
estimate the magnitude of this effect. ®97 American Vacuum Society.
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[. INTRODUCTION membranes that contain specific IC elements for transmis-

. . 0,11
A number of applications of focused ion be&RiB) tech- sion electr(_)n r_mcros_cppngEM) of I(.: structures.

. . : A co-axial ion milling process invented at AT&T Bell
nology in microelectronics were demonstrated and devel- b d for th i ducti f ialized
oped into routine operations for research, and developmeljfta swazuse' orthe rosuplne ?ro u_lc_hlon ob.sptgualze ?can—
in the semiconductor industry during the 1980s. Those appli[“ng probe microscopySPM tips. The objective was to

cations are characteristic of small volume and high \ﬂaluemake a submicron stylus with taper angle and tip radius of

such as direct-write lithography, photomask repair crossSurvature within controlled limits. Refinement of the tech-

sectioning of deviced, integrated-circuit (IC) reverse Mdue has yielded tips which 1gre suitable for the evaluation
engineering/restructuring, maskless implantation, and iofff SPM as a metrology todf:* The need to produce spe-

beam assisted etchidg® FIB technologies were extended Ci@lized tip geometries for probe microscopy applications led
from their original applications in microelectronic research,© the development of an in-vacuum lathe-type device, which

and product development to the multidisciplinary area of mi-duickly prompted the latest extension of the FIB milling
cromanufacturing for objects with feature sizes in microns inléchnique to produce a variety of arbitrarily shaped 3D
the early 1990s. This departure from photomask repair, reMicro-objects and structuré:® The microstructures have
verse engineering, and IC diagnostic applications in the eledeotential applications as manipulators for single-cell biologi-
tronics industry to micromachining was stimulated by thecal research, microcutters with submicron resolution and
promise of FIB milling as a “direct write” material removal Micron-sized machine tool bit§:*’
method®’ which has very few materials restrictions. This research is intended to expand FIB micromilling ca-
Early reports of micromachining for nonelectronic appli- Pabilities from simple rectangular cross-section or wedge
cations have been given by Ishitaetial.® where a 45um  Cross-section geometry into nonlinear cross-section geom-
diam microgear was cut in stainless steel foil as a demongtries, with either an axis or a plane of symmetry that could
stration of feasibility. The applications of FIB for microma- be used for micromolds and microdevice components.
chining in Ishitani’s initial work, were a demonstration to Smoothly curved analog surface geometries are illustrated in
advocate the vision that FIB is a new and promising high-Fig. 1. These geometries are representative of the possible
resolution method for microdevice assembly. Several otheglements in designs of micromechanical and micro-optical
applications, such as FIB trimming of a V-shaped cantileveproducts. None of these designs can be made on a routine
tip for an atomic force microscopeAFM), trimming of a  basis by FIB micromachining to date, although some of them
magnetic head, and micromilling of a three-dimensionalhave been mathematically studied and experimentally
(3D) copper needle have been demonstreBIB milling  attempted?®
techniques are also being used to produce thin, free-standing The present FIB is a far more versatile tool when the
depth variation control capabilities are added to the original
3Electronic mail: mjv@engr.latech.edu ion milling abilities. FIB techniques will become a more so-
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Fic. 1. Representations of 3D cavities for molding or embossing microstruc- 3?0
tures.

Fic. 3. The profile of the cosine trough cross-section based on the values of

phisticated and refined micromachining method with the adPxe! dwell time.

dition of depth control, and will be complementary to deep

x-ray lithography, microdrilling, microelectrical discharge . )

machining, and laser micromachining technology. Thesél’_here_fore, by controlling the dwell time of the beam for each
techniques are the next generation of mold and mask fabrRiX€l in the address pattern, we can effect control over the
cations for microelectro-mechanical systefMEMS), and milling depth to realize the type of 3D geometry we desire.

none of these techniques have a well developed capacity igrhe dwell time qontrol tgchniqqe uses a characteristic length
depth control needed to produce 3D geometry. (called the repair lengghin the pixel address pattern: a pro-
gram for pixel dwell time increment and decrement accord-

A. Programming the ion milling depth control ing to the desired geometric function modifies the normally

The control method in this work uses address mode deuniform pixel dwell times.

flection beam writing. The basic scheme of address mode

deflection beam writin@f,’ is to direct the ioq beam onto an B. Geometric shapes

object whose surface is sputtered by the ion bombardment.

The feature created can be mapped and monitored by digital Parabolic, circular, and sinusoidal geometries have been

image formation from ejected secondary electrons. A deflecchosen as the initial shapes for the experimental ion milled

tion pattern is also needed, which is stored in another graphieross-sections in this work. The deflection patterns chosen
page of memory(image buffey, and can be addressed are circles, annulus, and rectangles or squares. The deflection
through the digital image coordinates. The information of thepattern yields either a plane of symmetry or symmetry
deflection pattern is overlapped onto the selected area of tlfound an axis of rotation. Twenty-six different possibilities
object, and the ion beam is deflected onto the object surfad€sult when these geometric shapes are permuted with the
according to the superimposed pattern information. The iofype of symmetry, and the convex or concave choice of ion
beam deflection is done point by point with each pixel in themilling.

digital image as an address point. The longer the beam

dwells on a plxel,' the more'materlal is sputFered or machllne(iil. SYMMETRY

away at the object location corresponding to the pixel.

The geometry of the feature to be ion milled can be clas-
sified into two categories based on the choice of reflection in
fength=10ur a plane of symmetry or rotation about an axis of symmetry.

Any geometry with a curved bottom based on a reflection

plane of symmetry in this work will be called a “trough.”

/ Any geometry with a curved bottom based on a rotational
axis of symmetry will be called either a dome, a dish, or a
torus, depending on whether a circle or an annulus is used in
thex—y plane and the convex/concave property of the curve
involved. The concept of a feature being convex or concave

AN l was also established as an ion milling parameter to handle

S the two possible arrangements of a particular type of cross-
section. Physically, convex or concave determines the depth

Fic. 2. The profile of the parabolic trough cross-section based on the valuekelationship between the center and the outside edge of the

of pixel dwell time. feature. The relationship is established with dose: concave
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Fic. 4. Perspective and edge views of a parabolic trough ion milled inFic. 6. A 45° SEM perspective view of the rotationally symmetric sine
Si(100), using a 10umXx5 um pixel pattern. pattern ion milled in SiL00 on the annulus pattern.

requires more dose at the center than at the edges of theoss-section milling, the dwell time per pixel is calculated
feature, while convex requires more dose at the edges of thgsing the information of the depth relationship dictated by
feature than at center. Therefore, concave and convex feghe geometry, the symmetry, and the information in the out-
tures are created by inversion of the ion dose onxhg  lined pattern. It is then written into the ion milling address
milling pattern. array, which is used to actuate the machine to work on the

pattern for the curved cross-section geometry.
A. Specific examples: Parabolic and sinusoidal

cross-sections IIl. EXPERIMENTAL VERIFICATION

A parabolic cross-section will need a focus coefficidnt, Several representative FIB micromillings were made to
and a sinusoidal cross-section will need an amplitudeverify the algorithm and coding. These are the parabolic
(0.5H=0.5AX%length, and a period 1f) beside the length trough(parabolic cross-section with a plane of symmgtey
for mathematical determination of the pixel dwell time. We sinusoidal trough, a hemispherical dome, and a sinusoidal
begin by noting that we have a pixel array in two dimen-annulus pattern.
sions, in which we designate a characteristic length. To de- The pixel dwell times in the cross-section plarigspro-
termine a parabolic cross-section based on the length, weortional to the distance to the symmetry a»ase presented
specify an input parametqy, which relates the maximum in Fig. 2 for the parabolic trough, and in Fig. 3 for one period
depth to the repair length, by the relationsliip pXlength.  of the sinusoidalcosing trough. Each of these shapes was
To determine a sinusoidal cross-section, we need two paranmilled in Si(100 using a 20 keV G& ion beam with an
eters: amplitudeH/2) and period humbem(). Both can be approximate spot size of 0m full width at half-maximum

based on the length, as shown in Figs. 2 and 3. (FWHM).

The parabolic trough shown in Fig. 4 was done using a 10
B. Algorithm generating the dwell time for the curved pumx5 um pixel pattern on a 4Qum field. The resulting
cross-section geometries shape adheres to a parabolic relationship quite well, but the

The mathematical expressions for the depth of each of th@bsplme value of the dePth Is twice the value expected on _the
geometric possibilities were programmed into the ion bea asis of the dose received at the apex. The depth of ion

deflection software. In all the program modules for curvedm_IIIIng versus dose was mdepe_ndent_ly calibrated i)
with constant depth features. Sinusoidal troughs at the edge

of a Si(100 slab are shown in Fig. 5. The initial conditions
called for a 60umx39 um field containing six periods of a
cosine wave, with a wavelength of Jdm and an expected
depth of 2um. The edge view in Fig. 5 shows four of the six
periods of oscillation, with a depth of 14m, and a top view
SEM shows a wavelength of 10m. Note the minimum in
the sinusoidal pattern is flat bottomed, a phenomenon also
observed also in the parabolic ion millirigig. 4).
~y & ~ & Rotational symmetry with the sinusoidal pattern is dem-
onstrated in Fig. 6, which starts by outlining an annular pat-
tern. The ID of the annulus is 1&m with a 115um OD, and
10 periods of oscillation between the inner and outer diam-
eter, yielding a sine pattern with a wavelength ofufn.
Fic. 5. Edge view of a sinusoidal pattern ion milled in(Ei0) on a 60  Several variations of diameters and periodicity were also ion
umx30 um pixel pattern. milled using this basic geometry.
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Fic. 7. (a) A perspective SEM view of a convex dome based on aftbdiam circular patternlb) An edge SEM view showing the cross-section profile of
the convex dome.

A circular dome(convex shape on a 1jmwm diam circular  Fig. 7 develops. The angle of incidengeith respect to the

pattern is shown at two scanning electron microscopy viewsurface normal will vary from 0° at the center toB

ing angles in Fig. 7. The dome was sectioned to show the=arcsin¢/length), the final angle of the surface normal un-
profile when tilted to 90°, as in Fig.(B). The depth at the der a particular pixel to form a circular curve. Thus, there is
periphery of the dome was measured at g, while a  a dynamic change of ion beam incidence angle in the process
depth of 4.5um was expected, based on the dose at thadf the curved surface formation. The effect of the changing
point. The cross-section shows that the expected semicirculaputter yield will be incorporated into the surface generation
profile was not obtained, and a small region near the outeprocess and the distortion accumulated. The software was,

diameter has a flat bottom, where a cusp is expected. however, developed on the assumption of uniform sputter
yield throughout all the surface generating processes, and
IV. DISCUSSION this accounts for the departures from expected geometry

) ) when the angle of incidence is variable as the feature is ion
The experimental results show that the ion beam contrgjijied.

programs produces a good first-order approximation to the
desired geometries and gives features with depths close to
expectation, with the exception of the parabolic cuts. Depar: . .
S B. Consequence of pixel size and data type
tures from the exact geometries include steeper desce%nversion
angles on sidewalls, and some flat-bottomed features where
curvature should occur. Apart from the factors already con- In the algorithm of depth computation, the pixel distance
sidered in codingdlike dose and dwell timein the program, IS represented by integer data type, because piaslinteger
there are several factors that can significantly affect the finahumbers are used to represent the planar dimension. For
profile in FIB milling under a particular situation. The two curved cross-sections, the computation of depth is made first
major factors are(l) the relation between the sputter yield with real numbers based on the distance dimension in the
and the ion beam incident angl@®) the effect of step change X—Y plane. Then, the real number depth is converted back
in dwell time, which is associated with the number of trap-into the nearest integer number depth which is used to com-
ezoids used to represent the curve profile. The increment&ute the dwell timealso an integer numberBecause of this
dose resumng from over|ap of the ion beam on adjacent pixconversion in the algorithm, the differentiable real number
els will also distort the geometry. depth variation(i.e., depth resolutionis determined by the
basic increment/decrement step in the number of pixels over
the distance dimension in the-y plane, i.e., the pixel size.
Any numerical variation in real number depth within the
Sputter yield is a material-related property and has a nondepth resolution will be either promoted or demoted into its
constant relation to the ion beam incident angle with respeatext integer value.
to the normal of the substrate surface. According to Yama- When the pixel size is large, for a given curved profile,
muraet al,?° the sputter yield for Si subject to 20 keV Ga the resolution is coarse, resulting in a poor approximation to
bombardment, will reach a peak between 70° and 80° whiclthe profile; on the other hand, when the pixel size is small,
is about three times that over the range of 0° to 45°, and thethe resolution is fine, resulting in a more accurate approxi-
drop to O at grazing incidence. This phenomenon is signifiination to the profile. Thus, the consequence is that we can
cant in our process since most of the curves in this studgee a flat line representation for a curve segment having a
cover the sharply changing region from 45° to 90°. Considesmall slope, such as at the deepest point of the parabolic
the angle of incidence variation as the hemispherical dome gfrofile shown in Fig. 2. This effect is responsible for the flat

A. Effect of variable sputter yield at high incident
angles
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